Autosomal dominant polycystic kidney disease (PKD) arises as a result of mutations of the PKD1 or PKD2 genes, which encode proteins polycystin 1 (PC1) and polycystin 2 (PC2), respectively. 1 Besides other locations in the cell, PC1 and PC2 are found in the primary cilium, a hair-like structure present on the surface of most cells in the body. 2 Several murine studies showed that inducing the loss of primary cilia or Pkd1 in the postnatal kidney, specifically during tubule elongation or tubule repair after injury, results in the formation of cysts. 3-5 These cysts derive from tubules indicating that PC1 and primary cilia are critical for the maintenance of normal tubule diameter; so how do primary cilia and PC1 regulate the tubule diameter? Rapidly accumulating evidence suggests that primary cilia, PC1, and other cystic disease genes regulate the tubule diameter through the planar cell polarity (PCP) pathway. 3,6 -8 PCP refers to the spatial organization of cells along a tissue plane that is orthogonal or perpendicular to the apical-basal axis. 9,10 PCP is best described in fruit fly, Drosophila melanogaster, where the hairs on the wing always point distally toward the wing tip. Mutations in proteins referred to as the "core PCP" proteins produce distortions of the wing hair pattern and disrupt PCP. The PCP pathway is also called the noncanonical Wnt signaling pathway because Wnt pathway proteins Frizzled and Dishevelled function as the core PCP proteins. PCP regulates oriented cell division (OCD), convergent extension (CE), and other morphogenic processes. The core PCP proteins are evolutionarily conserved in mammals, and recent evidence indicated that PCP is observed in various mammalian organs such as the inner ear, skin, and kidney.
A unique feature of the developing postnatal kidney is that tubular diameter remains relatively constant even as it elongates severalfold. After acute kidney injury, tubular epithelial cells also divide and restore tubule morphology without affecting luminal diameter. Strict control of luminal diameter is critical for maintaining normal renal function. An increase in luminal diameter causes tubular dilation and subsequent formation of cysts and chronic kidney disease, which are hallmarks of autosomal dominant polycystic kidney disease.
Autosomal dominant polycystic kidney disease (PKD) arises as a result of mutations of the PKD1 or PKD2 genes, which encode proteins polycystin 1 (PC1) and polycystin 2 (PC2), respectively. 1 Besides other locations in the cell, PC1 and PC2 are found in the primary cilium, a hair-like structure present on the surface of most cells in the body. 2 Several murine studies showed that inducing the loss of primary cilia or Pkd1 in the postnatal kidney, specifically during tubule elongation or tubule repair after injury, results in the formation of cysts. [3] [4] [5] These cysts derive from tubules indicating that PC1 and primary cilia are critical for the maintenance of normal tubule diameter; so how do primary cilia and PC1 regulate the tubule diameter? Rapidly accumulating evidence suggests that primary cilia, PC1, and other cystic disease genes regulate the tubule diameter through the planar cell polarity (PCP) pathway. 3,6 -8 PCP refers to the spatial organization of cells along a tissue plane that is orthogonal or perpendicular to the apical-basal axis. 9,10 PCP is best described in fruit fly, Drosophila melanogaster, where the hairs on the wing always point distally toward the wing tip. Mutations in proteins referred to as the "core PCP" proteins produce distortions of the wing hair pattern and disrupt PCP. The PCP pathway is also called the noncanonical Wnt signaling pathway because Wnt pathway proteins Frizzled and Dishevelled function as the core PCP proteins. PCP regulates oriented cell division (OCD), convergent extension (CE), and other morphogenic processes. The core PCP proteins are evolutionarily conserved in mammals, and recent evidence indicated that PCP is observed in various mammalian organs such as the inner ear, skin, and kidney.
Two PCP-regulated processes, CE and OCD, modulate tubule lumen diameter. 6,7 CE is a process by which rearrangement of cells within a tissue makes the tissue longer and narrower. In the embryonic kidney, CE movements of the tubular epithelial cells are thought to increase the tubule length while reducing its luminal diameter until the proper diameter is established. 7 In the postnatal kidney, luminal diameter is maintained by OCD. Dividing tubular epithelial cells in the developing or regenerating postnatal kidney are almost always oriented parallel to the longitudinal axis of the renal tubule 3, 6, 7, 11 ; hence, OCD ensures that renal tubules grow only along the longitudinal axis, causing an increase in length of the tubule without affecting diameter.
At least two lines of evidence suggest that aberrant PCP results in tubular dilation and subsequent cyst formation. First, several orthologous and nonorthologous rodent mod-els of PKD display defective CE or randomization of angle of cell division, both signs of aberrant PCP signaling. 3, 6, 7 Second, loss of Fat4, a core PCP protein, results in aberrant PCP and the formation of kidney cysts in mice. 8 In this issue of JASN, Luyten et al. 12 provide more support for the notion that aberrant PCP underlies the pathogenesis of kidney cyst formation. Previously, the authors showed that loss of Pkd1 in developing or regenerating postnatal kidney results in formation of cysts. Here, they show that aberrant PCP, evidenced by the randomization of angle of cell division, precedes cyst formation in these mice. These results are in stark contrast to a recent study also published in JASN, 13 which found that the randomization of angle of cell division does not precede cyst formation in mice with kidney-specific inactivation of Pkd1 during embryogenesis.
Differences between the two mouse models, which include the timing of inactivation of Pkd1, rate of cyst formation, and age at which angle of cell division was measured, may be responsible for the dissimilar results. To explore the molecular mechanism, the authors studied the status of Fzd3, a frizzled receptor that regulates PCP signaling, and its downstream effector, Cdc42, a Rho family GTPase. In this regard, the authors described several novel results. They found that Fzd3 is expressed in the primary cilium and that in kidneys from Pkd1 mutant mice and humans with autosomal dominant PKD, Fzd3 and Cdc42 were overexpressed. Furthermore, the authors found that PC1 and Fzd3 exhibit opposite effects. Inducing expression of PC1 in cells causes a reduction in Cdc42 expression, whereas Fzd3 had opposite effects. In addition, overexpression of Fzd3 and Cdc42 slows the rate at which cells migrate in a wound-healing assay. Reexpression of PC1 in these cells normalizes the rate of cell migration.
On the basis of these results, the conclusion is that the loss of Pkd1 results in aberrant PCP due to overexpression of Fzd3 and Cdc42; however, the answer may not be that straightforward. First, Cdc42 is a multifaceted protein involved in signaling pathways that regulate diverse processes such as apicalbasal polarity, adherens junction formation, vesicle trafficking, and cell-cycle progression; therefore, overexpression of Cdc42 may produce changes in these other processes besides abnormalities in PCP. Second, the loss of OCD was observed in the precystic kidneys, whereas Fzd3 overexpression was observed only at later stages in the cystic kidneys. This suggests that aberrant PCP signaling occurs as a Fzd3-independent mechanism. Finally, Fzd3 homodimerization and Cdc42 activate canonical Wnt (␤-catenin-dependent) signaling. The authors found that besides aberrant PCP, canonical Wnt signaling was inappropriately activated in Pkd1 mutant mice. This latter finding raises the possibility that overexpression of Fzd3 or Cdc42 represents a mechanism for abnormal canonical Wnt signaling in the Pkd1 mutant kidneys.
The study by Luyten et al. 12 generates several unanswered questions. Similar to the wound-healing assay, does the loss of PC1 in vivo also result in defective cell migration, especially in the kidney? Does PC1 regulate other PCP-dependent processes such as CE? In support of the role of PC1 in CE, Pkd1 null mice display neural tube defects, a classic phenotype observed as a result of defective CE. As suggested by the authors, to clarify the role of Fzd3 and Cdc42 in PCP signaling, it would be pertinent to determine whether these proteins are also overexpressed in neural tube epithelia. Another interesting finding presented here is the concomitant deregulation of both canonical Wnt and PCP signaling pathways in Pkd1 mutant mice. Similar results have been found in kidney-specific Kif3a mutant mice that lack primary cilia in the renal tubules. 14 The mechanism by which primary cilia modulate canonical Wnt and PCP signaling may involve inversin, a ciliary protein mutated in cystic kidney disease called nephronophthisis. 15, 16 Inversin constrains canonical Wnt signaling and stimulates PCP signaling. 15 It will be interesting to determine whether PC1 functions in a similar manner. A common theme already emerging from these studies is that proper balance between canonical Wnt and PCP signaling is essential to maintaining the normal tubule lumen diameter. Other obvious questions raised by these studies are as follows: (1) What is the function of Fzd3 in the primary cilia? (2) Is it possible to retard cyst growth in Pkd1 mutants by modulating the expression of Fzd3 and Cdc42 in the kidney? (3) Does PC1 act in concert with PC2 to regulate these processes?
